Urban expansion has significant effects on forest loss and fragmentation. Previous studies mostly focused on how the amount of developed land affected forest loss and fragmentation, but neglected the impacts of its spatial pattern. This paper examines the effects of both the amount and spatial pattern of urban expansion on forest loss and fragmentation. We conducted a comparison study in the six largest urban megaregions in China-Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), Pearl River Delta (PRD), Wuhan (WH), Chengdu-Chongqing (CY), and Changsha-Zhuzhou-Xiangtan (CZT) urban megaregions. We first quantified both the magnitude and speed of urban expansion, and forest loss and fragmentation from 2000 to 2010. We then examined the relationships between urban expansion and forest loss and fragmentation by Pearson correlation and partial correlation analysis using the prefecture city as the analytical unit. We found: (1) urban expansion was a major driver of forest loss in the CZT, PRD, and CY megaregions, with 34.05%, 22.58%, and 19.65% of newly-developed land converted from forests. (2) Both the proportional cover of developed land and its spatial pattern (e.g., patch density) had significant impacts on forest fragmentation at the city level. (3) Proportional cover of developed land was the major factor for forest fragmentation at the city level for the PRD and YRD megaregions, but the impact of the spatial pattern of developed land was more important for the BTH and WH megaregions.
Introduction
Urbanization has long been considered as a major force of land use/land cover (LULC) change worldwide, which is associated with changes in local and regional climate, environments, and natural resources [1] [2] [3] [4] . In fact, urban expansion has been seen as a major threat to loss and fragmentation of natural landscapes, and a major driver of numerous environmental and ecological problems [5] [6] [7] [8] [9] . For example, loss and fragmentation of forests caused by urban expansion has raised great attention worldwide [10] [11] [12] . This is because forest loss and fragmentation have adverse impacts on a variety of ecological process and functions, such as deterioration of wildlife habitat quality [13] and threating biodiversity [14] [15] [16] . Understanding such impacts requires the quantification of forest loss and fragmentation associated with urban expansion [10, 17, 18] .
Remote sensing has long been used to quantify changes in forested land [17] [18] [19] [20] , as it can explicitly reveal its change in space in a recurrent and consistent way [21] . Changes in spatial pattern of forested land have been typically studied by combining remote sensing data with landscape metrics [22] .
Remote sensing imagery with different spatial resolution was used, ranging from Advanced Very High Resolution Radiometer (AVHRR) data with 8 km resolution, to medium-resolution imagery, such as 250 m/1 km Moderate Resolution Imaging Spectroradiometer (MODIS) and 30 m Landsat TM imagery, and high-resolution imagery, such as 1 m IKONOS imagery.
Previous studies on the effects of urban expansion on forest loss and fragmentation can be loosely categorized into three types. The first type of studies focuses on urban expansion and associated land use change, with emphasis on forest loss in the urban-rural periphery, e.g., [23] [24] [25] . The second type of studies focuses on the spatiotemporal pattern of urban expansion along an urban-rural gradient and how such patterns affect the changes (both gain and loss) in forested land, e.g., [10, [26] [27] [28] . The third type of studies explicitly addresses the spatial patterns of forested land and its change associated with urbanization, [17, 18, 29, 30] . In addition to change in the area of forested land, these studies focus on the spatial distribution of forests, with particular emphasis on forest fragmentation caused by urban expansion. Most of these studies have focused on the adverse impact of the increased urban land on forest loss and fragmentation.
Few studies, however, have examined how the spatial distribution of the developed land affected forest loss and fragmentation. For example, research questions such as "In addition to the increase of the amount of developed land, does the spatial pattern (e.g., clustered versus dispersed) of newly developed land affect forest fragmentation?" Addressing such questions can provide important insights on understanding how urban expansion affects forest loss and fragmentation and, therefore, is important for smart urban growth and planning. This study aims to fill this gap.
The overarching goal of this study is to investigate the effects of urban expansion and its spatial patterns on forest loss and fragmentation. We conducted a comparative study in the six largest urban megaregions in China-the Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD) and Pearl River Delta (PRD), the Wuhan (WH), Chengdu-Chongqing (CY) and Changsha-Zhuzhou-Xiangtan (CZT) urban megaregions. Specifically, the objectives are to: (1) quantify urban expansion and its spatial pattern and forest loss and fragmentation from 2000 to 2010 in the six rapidly-urbanizing megaregions; and (2) examine the effects of urban expansion and its spatial pattern on forest loss and fragmentation from 2000 to 2010. Results from this study can provide insights on protecting forested land and reducing fragmentation during urban expansion processes.
Materials and Methods

Study Area
This study focused on six rapidly urbanizing megaregions in China, including the Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), Pearl River Delta (PRD), Wuhan (WH), Changsha-Zhuzhou-Xiangtan (CZT), and Chengdu-Chongqing (CY) urban megaregions. The BTH, YRD, and PRD urban megaregions are distributed from the north to south of the eastern coastal region and are the three largest megaregions with relatively long development histories (Figure 1 ). The BTH urban megaregion includes two municipalities directly under the Central Government, Beijing and Tianjin, and Hebei Province. The YRD urban megaregion consists of Shanghai, eight prefecture cities in the south of Jiangsu Province, and six prefecture cities in the north of Zhejiang Province. The PRD megaregion includes nine cities in Guangzhou Province (Table 1 ). The total areas of the three megaregions are approximately 215,800 km 2 , 103,960 km 2 , and 54,000 km 2 , with a total population of 111 million (8.07% of the total population of China), 98 million (7.13%), and 59 million (4.3%) in 2015, respectively. The three megaregions are considered as the economic growth engine in China, with a total gross domestic product (GDP) of 21,456 billion Yuan, accounting for 31.3% of total GDP of China in 2015 [31] [32] [33] [34] .
The Wuhan (WH) and Changsha-Zhuzhou-Xiangtan (CZT) urban megaregions are located in the center of China, having sizes of 58,000 km 2 and 27,980 km 2 , respectively ( Figure 1 ). The WH megaregion includes eight cities of Hubei Province, and the CZT megaregion includes the city of Changsha, Zhuzhou, and Xiangtan in Hunan Province (Table 1) . Both WH and CZT megaregions are the regions with the most potential for economic growth in Central China. In 2010, the GDP of CZT was 112.43 billion Yuan, which is quadruple the GDP in 2000. Although the size of the WH megaregion is less than one-third of entire Hubei Province, it had more than half of the total population in Hubei Province, and contributed to more than 60% GDP in 2010 [35] .
The Chengdu-Chongqing (CY) urban megaregion is located in the upstream of Yangtze River Basin, belonging to the western part of China (Figure 1 ). It consists of 15 cities in Sichuan Province and 22 counties in the municipality of Chongqing, with nearly 185,000 km 2 ( Table 1 ). This megaregion is the most developed area in the Western China, with the total GDP of 3713 billion Yuan in 2014, accounting for 5.9% of the total GDP in China [36, 37] .
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Data
Land use and land cover (LULC) classification maps of 2000 and 2010 were derived from Landsat TM/ETM+ imagery with 30 m spatial resolution. The Landsat TM/ETM+ images were obtained from the United States Geological Survey (USGS) archives. The primary processes have been performed for all the images through Level 1 Product Generation System (LPGS). Six types were included in the LULC classification maps: forest, grass, water, farmland, developed land and barren land ( Figure 2 ). The forest type includes evergreen broadleaf forests, deciduous broadleaf forests, evergreen coniferous forests, deciduous coniferous forests, conifer, and broadleaf mixed forest and shrubs. Both natural forests and urban forests were classified as the type of forest. The grass type includes prairies, meadows, grasslands, tussocks, and urban lawns. Water includes lakes, reservoirs, rivers, and canals. Farmland consists of paddy land and dry land. Developed land includes urban and rural residential, commercial, institutional, industrial, and transport lands. Barren land includes bare soil, bare rock, and sand. 
Land use and land cover (LULC) classification maps of 2000 and 2010 were derived from Landsat TM/ETM+ imagery with 30 m spatial resolution. The Landsat TM/ETM+ images were obtained from the United States Geological Survey (USGS) archives. The primary processes have been performed for all the images through Level 1 Product Generation System (LPGS). Six types were included in the LULC classification maps: forest, grass, water, farmland, developed land and barren land ( Figure 2 ). The forest type includes evergreen broadleaf forests, deciduous broadleaf forests, evergreen coniferous forests, deciduous coniferous forests, conifer, and broadleaf mixed forest and shrubs. Both natural forests and urban forests were classified as the type of forest. The grass type includes prairies, meadows, grasslands, tussocks, and urban lawns. Water includes lakes, reservoirs, rivers, and canals. Farmland consists of paddy land and dry land. Developed land includes urban and rural residential, commercial, institutional, industrial, and transport lands. Barren land includes bare soil, bare rock, and sand.
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Classification Method
We first generated the LULC map of 2010 by an object-based classification approach [20, 21] . With this approach, the multi-resolution segmentation algorithm was used to create image objects. We created three levels of objects with the scale parameters setting as 10 (Level 1), 30 (Level 2), and 50 (Level 3) by testing different parameter values [20, 21] . Objects at Level 1 were used for classification of water, grass, and barren land. Objects at Level 2 were used for identifying farmland and developed land, and those at Level 3 were used for forest land. Rulesets that used feature parameters such as NDVI, NDWI, brightness, size, shape, and adjacency were developed for the LULC classification. After automatic classification, extensive manual editing was conducted for classification refinement, using high spatial resolution data, such as 2.4 m QuickBird and 2.5 m SPOT imagery as reference data. Consequently, we obtained the 2010 map with overall accuracy greater than 96%.
The 2010 map was then used as a reference map to generate the map in 2000 using an object-based backdating approach [20] . With this object-based backdating approach, we first performed change vector analysis to identify areas with change from 2000 to 2010, which were then classified by an object-based classification method. For the areas with no change, the LULC types in 2010 were backdated to the map of 2000. More details for this approach can be found in [20] . The overall accuracy of the maps in 2000 were also over 96%.
Measuring Urban Expansion and Forest Loss
We used two indices to measure the magnitude and relative speed of urban expansion in the six megaregions, by following the method in [26, [38] [39] [40] . The area of newly-developed land (Equation (1), A new ) was used to measure the magnitude of urban expansion. The relative speed of urban expansion was measured by the ratio between the area of newly-developed land and the area of previously existing developed land (Equation (2), P new ), which was used to compare the urban expansion speed across megaregions with different sizes. A new and P new were calculated as follows:
where A start represents the area of previously existing developed land, A end represents the area of developed land at the end time of expansion, and A new represents the net increase of the area of developed land. We focused on forest loss caused by urban expansion. Consequently, we developed two indicators to identify conversions from forest to developed land. A f2d represents the area of forests converted to newly-developed land from 2000 to 2010. We used P f2d to measure the contribution of forests to newly-developed land, which was calculated by dividing the area of newly-developed land by the area of land from forest to developed land:
where A new represents the total gain of the area of developed land from forest, grass, water, farmland, and barren land.
Landscape Metrics to Measure Forest Fragmentation and Developed Land Dispersion
We selected three frequently-used class-level metrics to characterize the spatial pattern of developed land and forests in the six urban megaregions, both at the regional and city scales [41] . Landscape metrics at the city scale were used to quantify the relationships between the spatial pattern of urban expansion and forest loss and fragmentation. These metrics included the percent cover of landscape (PLAND) that measures the landscape composition, mean patch size (MPS), and patch density (PD) that quantify spatial patterns of developed land and forest fragmentation. The detailed descriptions and equations of these metrics are listed in Table 2 . Table 2 . Description of the landscape metrics used in this study.
Metrics (Abbreviation) Description Equation
Percent cover of a specific patch type (PLAND)
Proportion of a specific patch type in the landscape (unit: %)
Mean patch size (MPS) Total patch area of a specific patch type divided by patch number (unit: ha)
Patch density (PD)
Number of patches for a specific patch type divided by total landscape area (unit: number per km 2 ) n A × 10 6 a i , area of patch i; A, landscape area; n, number of patches for a specific patch type.
Statistical Analysis
We first conducted the Pearson correlation analysis to examine the relationships between forest loss and fragmentation and spatial patterns of developed land for each urban megaregion, except for CZT, using the prefecture city as the unit of analysis. We excluded the CZT megaregion because there were only three cities in CZT, without enough samples for correlation analysis. We further conducted partial correlation analysis to investigate the relationships between percent cover of developed land and forest fragmentation, by controlling for the effect of the spatial pattern of developed land (i.e., using the PD of developed land as the controlled variable). Partial correlation analysis is necessary because spatial pattern metrics of developed land were highly correlated with its percent cover and, therefore, the Pearson correlation analysis may obtain spurious relationships between the percent cover of developed land and forest fragmentation.
Results
Urban Expansion in Six Megaregions
From 2000 to 2010, the six urban megaregions experienced rapid urban expansion, but with great regional variations. The YRD urban megaregion had the most rapid urban expansion in terms of magnitude (A new ), with an increase of 8944 km 2 from a total area of developed land of 13,392 in 2000 to 22,335 km 2 in 2010 ( Table 3 ). The developed land increased by 3777 km 2 for BTH, 2378 km 2 for CY, 1806 km 2 for PRD, 1450 km 2 for WH, and 388 km 2 for CZT. However, the CY megaregion had the fastest relative speed (P new ) of urban expansion, with an increase of 83.3%, followed by the YRD (66.8%), WH (56.3%), CZT (34.3%), PRD (30.8%), and BTH (21.1%) ( Table 3) . Table 3 . The total area and proportional cover of developed land, and the area of newly-developed land and its ratio to the previously-existing developed land in six urban megaregions. 
Forest Loss and Fragmentation in the Six Megaregions
Percent cover of forest and its change varied greatly across regions. The CZT megaregion had the highest percent cover of forest, with 59.53% in 2010, followed by the PRD (59.18%), CY (46.46%), BTH (33.06%), WH (26.40%), and YRD (25.87%). The percent cover of forest increased slightly for the BTH (0.50%), YRD (0.74%), and CY (1.31%) megaregions from 2000 to 2010. In contrast, the PRD, WH, and CZT megaregions experienced net decreases in the amount of forest. For example, the PRD megaregion had a net loss of 246 km 2 , from a total area of forested land of 32,156 km 2 in 2000 to 31,910 km 2 in 2010 (Table 4) .
We focused on the forest loss caused by urban expansion and found that changes in forest were different from the net increase or decrease would suggest ( Table 4 ). The area of forest loss caused by urban expansion, and its contribution to the newly-developed land varied greatly by megaregion. For example, the CY megaregion experienced the greatest loss of forests due to urban expansion, with an area of 467.34 km 2 (0.51% of the total area of forest), followed by the PRD megaregion (407.87 km 2 ) ( Table 4 ). In contrast, forests contributed to 34.05% of the newly developed land in the CZT megaregion, and 22.58%, 19.65%, 5.77% in PRD, CY and WH, respectively. The ratio was smaller in YRD and BTH, with less than 3% of the newly-developed land converted from forests (Table 4) .
Patch density of forests decreased in the megaregions of PRD, WH, CZT, and CY, but increased in BTH and YRD. Meanwhile, changes in mean patch size of forests were the opposite to that of the patch density (Table 5 ). For example, mean patch size of forests increased from 115.7 ha to 132.4 ha in the PRD megaregion, but decreased from 249.5 ha to 244.7 ha in the BTH megaregion (Table 5 ). 
Quantifying the Relationships between Urban Expansion and Forest Loss and Fragmentation
Effects of Urban Expansion and Its Spatial Pattern on Forest Loss
The percent cover of developed land had a significantly negative correlation with the percent cover of forests for all the megaregions in 2000 and 2010, except the WH and CY megaregions (Table 6 ), suggesting cities with higher percent cover of developed land tended to have lower percent cover of forested land.
The Pearson correlation analysis showed that patch density of developed land had a significantly negative correlation with percent cover of forested land for all megaregions, except the CY megaregion in 2000. However, the significance only remained for two megaregions-BTH and WH in 2010 (Table 6 ). In contrast, the mean patch size of developed land had a significantly negative correlation with percent cover of forested land only for YRD in 2010 (Table 6 ). The strength of the correlation between patch density of developed land and percent cover of forests varied across megaregions and by time. The correlation between patch density of developed land and percent cover of forests was stronger in BTH and WH than in the other megaregions. 
Effects of Urban Expansion and Its Spatial Pattern on Forest Fragmentation
The Pearson correlation analysis showed that percent cover of developed land had a significantly negative relationship with the mean patch size of forested land for the BTH and WH megaregions in 2000, for the PRD megaregion in 2010, and for the YRD megaregion in both years, suggesting cities with higher proportions of developed land had smaller forest patches (Table 7) . Patch density of developed land had a significantly negative relationship with mean patch size of forested land for most of the megaregions in both years (Table 7) . In contrast, mean patch size of developed land had no significant relationships with the mean patch size of forested land in any megaregion.
In contrast, the relationships between the percent cover of developed land and the patch density of forested land were less significant, and varied greatly by megaregion. Percent cover of developed land was only significantly correlated with the patch density of forested land for the PRD megaregion in both years, in a positive way. The percent cover of developed land was significantly correlated to the patch density of forested land for the YRD megaregion in 2010, and the WH megaregion in 2000, but in a negative way (Table 8) .
Patch density of developed land was only significantly related to the patch density of forested land in the WH megaregion in both 2000 and 2010 (Table 8) . Similarly, mean patch size of developed land was only significantly related to the patch density of forested land in the megaregions of YRD and PRD in 2010. 
Effects of Urban Expansion on Forest Fragmentation after Controlling for the Effects of Its Spatial Pattern
We conducted partial correlation analysis to control for the effect of the spatial pattern of developed land to investigate the relationships between percent cover of developed land and forest fragmentation. We only selected the patch density of developed land as the controlling variable because the results of the Pearson correlation analysis showed that the patch density of developed land was highly correlated with forest fragmentation, but the relationships between the mean patch size of developed land and forest fragmentation were less significant (Tables 7 and 8 ). In addition, patch density and mean patch size were highly correlated. Therefore, we conducted partial correlation analysis by controlling for only the patch density of developed land. Table 9 lists the partial correlation coefficients between percent cover of developed land and the two metrics of forest fragmentation. After controlling for the effect of the patch density of developed land, the correlations between the percent cover of developed land and forest fragmentation changed greatly (Tables 7-9 ). First, the percent cover of developed land was no longer significantly correlated to the mean patch size of forest for the BTH, YRD, and WH megaregions in 2000, but the negative correlations were still strong for the PRD and YRD megaregions in 2010 (Tables 7 and 9 ). Second, the percent cover of developed land was no longer significantly correlated to the patch density of forest for the WH megaregion (Tables 8 and 9 ). Third, the correlations between percent cover of developed land and the patch density of forest were stronger for the PRD and YRD megaregions, with a positive correlation for the PRD and, in contrast, a negative correlation for the YRD (Tables 8 and 9 ). Table 9 . Partial correlations between percent cover of developed land and metrics of forest fragmentation after controlling for the patch density of developed land. 
Discussion
Our results indicated that urban expansion was a major driver of loss of forested land in all the six megaregions, particularly in the megaregions of PRD, CZT, and CY, where forests are one of the dominant landscapes (Table 4 ). This result is consistent with those from previous studies conducted for single cities, or at the urban region scales [18, 42, 43] . The total area of loss in forested land caused by urban expansion, however, varied greatly by megaregions. The total areas of loss in forested land in the PRD and CY megaregions were nearly five times that in the BTH and WH megaregions, and twice that in the YRD megaregions. These differences were largely due to the different dominant land cover types in the megaregions. The PRD and CY megaregions were dominated by forests, with forest coverage of approximately 60% and 45%, respectively ( Figure 2 , Table 4 ). Consequently, much of the newly-developed land occurred in previously-forested land.
The loss of forests have significant social and ecological implications, but which may differ from megaregions, as the dominant types of forests varied greatly in the six megaregions and, consequently, the major types of forest lost varied by megaregions, as well as their social and ecological functions [44] [45] [46] . In the PRD megaregion, loss of forests were dominated by evergreen broadleaf and planted forests, but were evergreen and deciduous broadleaf in the CY megaregion. The major types of forest lost were evergreen coniferous forest in the CZT and WH megaregions, evergreen and deciduous bushes in the YRD megaregion, and deciduous bushes in the BTH megaregion.
The correlation analysis at the prefecture city level indicated that the mean patch size of forested land decreased with the increase of proportional cover of developed land, suggesting that urban expansion resulted in forest fragmentation. This result is consistent with previous studies that found urban expansion led to forest fragmentation [18, 29, 30] . However, at the megaregion scale, the increase in mean patch size of forested land indicated the decrease in the level of forest fragmentation in most megaregions (Table 5 ). These changes were likely due to the Grain for Green Program (GGP), aiming to increase the forest cover in former cropland located at steep slopes [47, 48] . For example, the CY megaregion had the most rapid expansion of developed land, with an increase of 83.3% from 2000 to 2010 (Table 3) . At the same time the percent cover of forest did not decrease, but increased by 1.31% (Table 4) . Forests generated by the GGP to some extent offset the loss of forests caused by urban expansion, particularly in the western mountainous area [47] [48] [49] .
Our results also indicated that spatial pattern of developed land, as measured by patch density in this study, could play a significant role in forest fragmentation ( Table 7 ). The impacts of the spatial pattern of developed land on forest fragmentation, and its relative importance to the percent cover of developed land, however, varied by megaregions. For example, after controlling for the patch density of developed land, the negative relationship between proportional cover of developed land with the mean patch size of forested land became stronger in both the PRD and YRD megaregions, suggesting that the percentage of developed land in cities of the PRD and YRD was the major factor for forest fragmentation. In contrast, the correlations between the proportional cover of developed land and the mean patch size of forested land was no longer significant in the BTH and WH megaregions after controlling for the patch density of developed land, indicating that the impact of spatial pattern of developed land is more important in the BTH and WH megaregions. The different roles of patch density on forest fragmentation might be related to the differentiated morphological types of urban expansion in different megaregions [40, 42, 50, 51] , as dispersed urban expansion can lead to increased forest fragmentation [42, 50] . For example, the PRD was dominated by expansion of infilling, the YRD was dominated by infilling and edge-expansion, and the BTH had the highest proportion of edge-expansion from 2000 to 2010 [40] . It would be interesting to examine the effects of different types of morphologies of urban expansion (e.g., leapfrogging, edge-expansion, and the infilling) on forest fragmentation in future studies. In addition, we quantified forest fragmentation only by mean patch size and patch density. Future studies that use more comprehensive measures of fragmentation, or focus on the changes at the patch level, would be highly desirable.
Conclusions
Previous studies revealed that increasing the proportional cover of developed land led to considerable loss and fragmentation of forested land. However, few studies have examined how the spatial pattern of developed land affects forest loss and fragmentation. Here, we conducted a comparison study in six rapidly urbanizing megaregions in China to investigate the effects of urban expansion and its spatial pattern on forest loss and fragmentation from 2000-2010. We found that (1) urban expansion was a major driver of forest land loss in the CZT, PRD, and CY megaregions, with 34.05%, 22.58%, and 19.65% of newly-developed land converted from forests, but not in the WH, YRD, and BTH megaregions. (2) Both the proportional cover and spatial pattern of developed land significantly affected forest fragmentation, but their relative importance varied by megaregions. (3) Proportional cover of developed land was the major factor for forest fragmentation at the city level for the PRD and YRD megaregions, but the impact of the spatial pattern of developed land was more important for the BTH and WH megaregions. Results from studies provide insights on better understanding urban expansion and its spatial pattern on forest loss and fragmentation.
